Advanced material applications of starch and its derivatives by Ogunsona, Emmanuel et al.
Accepted Manuscript
Advanced material applications of starch and its derivatives




To appear in: European Polymer Journal
Received Date: 28 August 2018
Accepted Date: 20 September 2018
Please cite this article as: Ogunsona, E., Ojogbo, E., Mekonnen, T., Advanced material applications of starch and
its derivatives, European Polymer Journal (2018), doi: https://doi.org/10.1016/j.eurpolymj.2018.09.039
This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and
review of the resulting proof before it is published in its final form. Please note that during the production process
errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.
The final publication is available at Elsevier via https://dx.doi.org/10.1016/j.eurpolymj.2018.09.039 © 2018. This manuscript 




Advanced material applications of starch and its derivatives  
Emmanuel Ogunsona, Ewomazino Ojogbo, Tizazu Mekonnen
 
Department of Chemical Engineering, University of Waterloo, Waterloo, ON, N2L 3G1, Canada 
* To whom correspondence should be addressed: tmekonnen@uwaterloo.ca  
Abstract 
Starch as a natural polymer has attracted significant interest and is currently used in numerous 
industrial applications. This is because of its renewability, biodegradability, abundance, and 
cohesive film-forming properties.  Moreover, the hydroxyl (-OH) groups associated with the 
anhydroglucose units provide it with several modification possibilities.  These features resulted 
in a substantial interest for its use in several advanced functional material applications in addition 
to the typical consumer plastic applications. The goal of this review is to shed light on the recent 
advances achieved in the utilization of starch for advanced functional material applications and 
its derivatives.  The review specifically focuses on applications ranging from electronics, drug 
delivery, pharmaceuticals, antimicrobial materials to structural materials. 
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Polymers are key materials to mitigate society challenges in the areas of transportation, 
construction, consumer plastics (e.g. packaging, shopping bags, and cutlery), architectural and 
industrial coatings, sustainable energy generation, clean water and defense and security. The 
continuously increasing demand for polymers driven by global population growth, and concerns 
associated with environmental pollution from solid polymers (e.g. consumer plastics), and the 
threat of global warming related to the production of polymer feedstock necessitates the 
development of sustainable and innovative strategies for the polymer industry [1,2]. The use of 
biomass such as plant fibers, biopolymers produced from natural resources or microorganisms is 
being explored in numerous applications and across industries [3–5]. While there are some 
successes in some niche application markets, renewable polymers that are currently produced at 
a large scale often are costly and have inferior performance compared to their petroleum-derived 
counterparts.  
Among the natural materials, starch is one of the least expensive polysaccharides with a huge 
potential for solid plastic and other functional polymer applications. Starch, the focus of this 
work, is a polysaccharide synthesized by plants
 
and found mainly in cereals, roots tubers, fruits 
and legumes in the range of 25-90% [6,7]. It is a semi-crystalline polymer comprised of about 
1,000-2,000,000  anhydroglucose units (AGU) linked by α-1,4 glycosidic bonds[8]. The AGU 
units in the starch chain have three reactive hydroxyl groups, in most cases one primary and two 
secondary hydroxyl groups making it amenable to various modification chemistries.  Several 
review articles and books have been published on the physical properties, chemical structures, 




recent progress in the application of starch as a feedstock for advanced and functional material 
applications of starch.  
1.1. Starch as a renewable material feedstock for advanced applications 
A starch granule is synthesized via the polymerization of glucose that is produced via 
photosynthesis of carbon dioxide in plants. It is mainly used as food and finds use in a variety of 
industrial applications [12]. The major industrial use of starch besides food is as a composition in 
adhesives and paper binders, textiles, chemical production, a feedstock for fermentation and 
other industrial products [13]. The interest in starch for use in advanced materials applications is 
accrued from its widespread geographic distribution from various plants, low cost, and 
abundance.  Starch as a macromolecule is also appealing because of its physical, chemical and 
functional properties such as ease of water dissolution, water retention properties, gelatinization, 
pasting behavior when subjected to temperature and ease of modification
 
to optimize functional 
properties [14]. Unfortunately, the hydrophilic nature of starch alongside its brittleness, 
retrogradation and thermal degradation has limited its extensive use for industrial polymer 
applications that require mechanical integrity. Therefore, in most cases, the functional group of 
starch, i.e -OH group, is modified to mitigate the aforementioned limitations and obtain desirable 
properties for its success in industrial materials application. 
Native starch granule is composed of amylose, a linear glucose chain attached by α-1,4 
glucosidase bond, and amylopectin, a branched glucose chain with branching at α-1,6 
postition[6]. Many studies have shown that the amylose-amylopectin ratio affects the 
functionality and chemical properties of starch as a biopolymer [8,14]. Table 1 shows various 




Table 1: Botanical sources of starch and their corresponding amylose/amylopectin ratio, and 
crystallinity. 
 
The structure and composition of starch are responsible for both its physical and chemical 
properties. The ratio of amylose to amylopectin and the overall structure of starch varies based 
on the botanical sources, growing climate conditions, geographic location for cultivation and soil 
type[17]. Starch has A, B and C crystal structures, which is a function of its origin. In general, it 
has a small granule size and comes in various shapes based on the source[6]. The granule is 
composed of anhydroglucose units linked by α-1,4 glycosidic bonds to form amylose and 
amylopectin polymer entities. Amylose is a linear polymer with α-1,4 glycosidic bonds linking 
the anhydroglucose units with an average molecular weight of 1 x 10
6
 g/mol. It accounts for the 
amorphous structure in the starch granule. Amylopectin, on the other hand, has a higher 
molecular weight averaging about 1 x 10
8
 g/mol and linked by short α-1,4 glycosidic bonds with 
Source Crystallinity 
(%) 
Amylose (%) Amylopectin 
(%) 
Reference 
Rice 38 20-30 80-70 [15,16] 
Potato 23-53 23-31 77-69 [16,17] 
Cassava 31-59 16-25 84-75 [18,19] 
Waxy 
cassava 
N/A 0 100 [18] 
Wheat 36-39 30 70 [15,16] 
Corn 43-48 28 72 [16,20] 




high branching at the α-1,6 positions that account for the crystallinity in starch[6,23]. The 
branching of amylopectin polymer creates double helix of approximately 5nm length in the 
starch granule that aligns in the crystalline region[24]. The crystalline region is represented by 
double helices as shown in Figure 1. 
X-ray diffraction of the macroscopic view of starch under illuminated light showed a positive 
birefringence indicated by a maltese cross, demonstrating an arrangement of the macromolecular 
units represented by a helix in the starch morphology, which disappears upon disruption of the 
starch granule[8]. This interchanging arrangement of amorphous and crystalline lamellae in the 
starch granule is responsible for the semi-crystalline nature of starch with a crystallinity ranging 
from 20 to 45%[24].  
 
Figure 1.  Representation of starch structure (a) Cornstarch granules (30 µm), (b) semicrystalline 
and amorphous starch growth rings (120–500 nm), (c) crystalline and amorphous 




helices of amylopectin, (f) starch nanocrystals or called crystalline lamellae when 
starch nanocrystal is produced via acid hydrolysis, (g) molecular structure of 
amylopectin (0.1- 1 nm), (h) molecular structure of amylose (0.1–1 nm). Adapted from 
Le Corre et al [25]. Elsevier copyright © 2014. 
Another important component found in starch is phosphorus, a non-carbohydrate component.  
Phosphorus exists as monoesters of phosphate and phospholipids. Its presence in the starch 
granule influences the gel strength, lucidity and solubility depending on the macro-polymer with 
which it bonds[6].  
 
2. Modifications of starch 
Native starch is hydrophilic in nature, insoluble in water at room temperature, and suffers from 
retrogradation. Furthermore, it cannot be melt-processed as it degrades under relatively low 
temperature and lacks mechanical integrity. These shortcomings have limited its use for polymer 
applications requiring mechanical strength and thermal stability, especially in the plastic industry 
where starch needs to be melt processed in most cases. Also, the poor solubility of starch in cold 
water limits its potential application as an additive in some applications such as enhanced oil 
recovery (EOR) and drilling fluid additives. Thus, starch modification is desirable not only to 
mitigate these challenges but also to bring about other functional properties. Some of the 
properties that can be achieved via starch modification include thermal stability, hydrophobicity, 
amphiphilicity, paste clarity, mechanical strength, freeze-thaw stability retrogradation resistances 
amongst others [26–31]. Several starch modification processes are reported in literature 
including, physical processes [32,33], chemical modifications [34–37], enzymatic [38–40], and 




3. Starch and its Derivatives for Advanced Functional Applications 
3.1. Application of Starch in Self-Healing Polymeric Materials 
Hard and brittle polymers and their composites such as thermosets fail catastrophically when 
cracks develop and grow in their structure. Rapid failure occurs as the crack grows and 
propagates through the polymer leaving it with the inability to transfer stress efficiently. 
Elastomers and very low modulus phases can be introduced into the polymer to tackle this 
problem; they can absorb, deflect or stop these cracks from further propagation when introduced 
in very small and well dispersed phases[41,42]. However, the inclusion of this type of phase 
typically deteriorates the mechanical properties of the polymer such as the tensile and flexural 
strengths and moduli. Mitigating this problem without diminishing the physical properties of the 
polymer has led to the development of self-healing polymers. Self-healing polymers typically 
contain hard crosslinked formaldehyde-based microcapsules shells which are well-dispersed 
within them [43]. This was carried out to allow the microcapsules survive the process of 
dispersion within the polymer phase without rupture. These microcapsules usually contain highly 
reactive liquids (healant) such as epoxies, glycidyl methacrylate (GMA) and isocyanates. These 
liquids, typically monomers can readily react with multiple functional groups on polymer chains 
because of the presence of reactive groups on their chains. The self-healing mechanism occurs 
when the microcracks within the polymer propagate, meet and, rupture one or multiple 
microcapsules containing the healant. The healant flows into the cracks, bridges the gaps and 
crosslinks over time depending on its surrounding temperature and the type of crosslinking agent 
present within the polymer phase. Figure 2A shows a schematic of the mechanism by which self-





Figure 2. Schematic representing (A) typical mechanism in self-healing polymer with specific 
reference to start as healant in WMS resin and (B) the esterification reaction occurring 
between BTCA and WMS. (C) Morphology of WMS resin revealing self-healed WMS 
resin after fracture with ligaments of crosslinking WMS as healant. Adapted from Kim 
et al.[44]. Elsevier copyright © 2017. 
Most self-healing polymers and their healants are petroleum based. However,  the utilization of 
biobased derivatives as healants in polymers have been developed[44,45]. However, only one 
study has utilized starch as healant in self-healing polymers to the best of our knowledge. Waxy 
maize starch (WMS) otherwise known as waxy corn starch was used both as the healant and 
polymer[44]. The WMS was gelatinized to activate the hydroxyl groups on the starch and then 
encapsulated with poly (d,1-lactide-co-glycolide) (PLGA) by double emulsion solvent 
evaporation technique. These microcapsules were then incorporated into gelatinized WMS 
alongside butanetetracarboxylic acid (BTCA) and sodium hypophosphite monohydrate (SHP) as 
cross-linking agent and catalyst respectively, then cast into a mold to produce sheets, which were 
cured and cut into test samples. Figure 2A is a representation of the mechanism through which 




catalyst and crosslinking agent were added in excess to ensure good dispersion and contact with 
the WMS liquid when exposed due to rupture of the microcapsule. The self-heal mechanism 
occurs through SHP catalyzed esterification reaction between the carboxyl groups of the BTCA 
in the matrix and the hydroxyl groups of gelatinized starch as represented in the schematic in 
Figure 2B. The results showed that the healing efficiency increased with increasing microcapsule 
concentration up to 20 wt. %. It is conceivable that the higher the microcapsule concentration, 
the greater the probability of the crack rupturing more of these capsules and exposing the healant 
resulting in better crack bridging. Figure 2C shows the micrograph of a bridged crack after 24 
hours of healing of WMS resin with 20 wt.% of microcapsules. The disadvantage to having high 
concentrations of microcapsules especially in thermoset resins is the potential reduction in the 
strength of the matrix especially if the interfacial bond between the shell and the matrix is poor 
as observed in the aforementioned study. This can be alleviated by introducing a compatibilizer 
to improve the interfacial adhesion between the matrix and capsules. In the aforementioned 
study, polyvinyl alcohol was used as an interface to improve bonding between the WMS resin 
and the microcapsule. Micromechanics of polymer reinforcement has shown that spherical 
particles are most efficient for improving the impact strength or toughness of a polymer while 
fibrous or platelet particles can drastically improve the strength[41]. Therefore, it will be of great 
advantage to develop a method of producing microcapsules which are elongated to have an 
elliptical or fibrous shape. This will not only act as reinforcement for the matrix but will greatly 
increase the efficiency of the self-healing mechanism as there will be a high probability of 
rupturing these fibrous capsules due to it greater aspect ratio.  
In Table 2, a comparison between close or comparable healing parameters such as healing 




summarized. Starch-based healant showed a tremendous healing efficiency of 51 and 66 % in 
comparison to other healants used. Starch being a biodegradable and green material with low 
cost gives it a great advantage to be further explored as a healant with other polymeric materials 
as well. 


































Dicyclopentadiene 20 25 48 45 [46] 
20 25-30 48 80 
10 Room 
temperature 
N/A 75 [47] 
Tensile 
Fracture 












20 N/A N/A 120 [49] 
 
3.2. Application of Starch in Porous Foam Structures 
The binding ability of starch has given rise to its use as a binder, pore former for metallic and 




temperatures and pressures or materials that are inert and biocompatible typically use ceramic or 
metallic foam structures. These structures have typically been manufactured using other methods 
such as replication method[56,57] where the ceramic for example fills the empty space of 
polymer foam structure, is solidified and then the polymeric foam is burned out to reveal the 
porous ceramic structure. Use of additives as pore formers in coagulating the ceramic particles is 
another method used in porous ceramic foam structures[58,59]. However, the disadvantage to 
this is, the ceramic structure is always dependent on the empty structure of the polymeric foam 
used. Another method used is the agitation of a suspension containing the ceramic particles and 
foaming agent, which results in closed cell foam generation. A porous structure is formed by the 
removal of the liquid and sintering of the formed structure. However, these methods have 
disadvantages as the formation of the pores cannot be controlled. This subsequently results in 
physical properties and dimensions of a part produced which are dependent on the process. 
Likewise, dispersion agents and chemicals used in the process are typically expensive and not 
environmentally friendly.  
Starch can provide a lending hand to be used as a pore former in the creation of porous ceramic 
and metallic structures[53,60]. The manufacturing of the porous structures with starch is done by 
starch consolidation[50]. The process occurs when a specific amount of starch (the pore former) 
is added to a specific amount of ceramic slip, which is a suspension of ceramic powder in water 
(the solids) and heated under constant stirring[61]. The starch granules swell resulting from 
water intake when the hydroxyl groups are exposed under elevated temperature. This causes 
water to be drawn from the slip and forces the ceramic powder to consolidate into a solid porous 
structure. The pore size of this structure is controlled by the swelling of the starch granules; the 




also acts as a binder for the newly formed structure. The structure is dried; starch burned out and 
then sintered. A study investigating the use of native and etherified potato starches for the 
manufacture of alumina foams was conducted by Lyckfeldt and Ferreira[50]. In this work, the 
effectiveness of using modified starch (trade name of Trecomex) in comparison to native starch 
was examined. It was found that gellability and dispersibility of starch in water played a huge 
role in the production of the porous ceramics structure without critical deformation to its 
structure. Subsequently, it was also found that the modified starch was better at consolidating the 
alumina particles. Likewise, it was found that the higher the starch content, the greater the pore 
size was. A similar result was obtained when 5 and 40 wt. % starch concentrations were used as 





Figure 3. Structures of porous alumina made using a 55% volume fraction of starch that are 
from (a) rice starch, (b) corn starch, and (c) potato starches. Adapted from Davis et 
al.[51]. Wiley copyright © 2000. 
 
Similarly, the pore structure and size are dependent on the type of starch used[51]. The larger the 
granular particle size of the starch is, the larger the porosity of the structure. Figure 3 shows the 
porous structure of alumina porous structures formed using (a) rice, (b) corn and (c) potato 
starches as pore formers. The granular particle size of these starches increases in the following 
order; rice < corn < potato. It can be observed that the rice starch showed smaller but somewhat 
interconnected and co-continuous pore structures (Figure 3a). As the particle size is increased, 
the pores begin to segregate (Figure 3b) and finally separate when the particle size is the largest 
(Figure 3c). This suggests that the pore size not only can be engineered by selecting pore formers 
with desired particle size, but the networking or open porosity of the structure can be controlled 
as well. The use of starch as pore former has also been applied using the consolidation method in 
the production of titanium foams with open cell structures[60]. Figure 4 shows the effect of the 
modified starch (Trecomex) on the storage modulus of the starch, alumina slip mixture (slurry) 
obtained from rheological analysis. It was observed that at higher temperatures, the slurry 
containing modified starch exhibited better storage modulus than that containing natural starch. 
Due to the initial gelation process required to modify the starch, the modified starch is 
susceptible to gelation at lower temperatures than the natural starch is. Therefore, it swells faster 
resulting in consolidation and reduced segregation of the alumina particles and higher storage 





Figure 4. Effect of modified and unmodified starch on the storage modulus of alumina/starch 
slurry for porous structure manufacture. Adapted from Lyckfeldt et al.[50]. Elsevier 
copyright © 1998. 
 
3.3. Applications of Starch in Water Treatment 
Water treatment has been one of the greatest challenges for environmental science because of the 
ever-increasing amounts and types of contaminants found in it. As technology evolves, the use of 
various chemicals which are toxic to both humans and the environment is also evolving. 
Filtration using micro and nano-membranes have been employed to remove solid contaminants 
[62,63]. However, soluble contaminants are sometimes notorious to get rid of. Most research has 
been able to remove these contaminants, however, at the cost of using other chemicals (e.g. 
polyacrylamide) which could potentially be harmful if trace amounts are left behind. Therefore, a 
substantial research focus is in place to utilize green or environmentally friendly materials and 
approaches to decontaminate water. Starch has an abundant potential for use as a substitute for 
other potentially toxic polymers used in water treatment. This is because starch is non-toxic, 
sustainable, relatively low cost, and amenable to various chemical modifications that are of 




structure could be used as anchor points of contaminant particles[64] in water treatment. Starch 
as a sorbent or functional material in wastewater treatment has numerous advantages such as 
availability across the world and renewability, which makes it feasible and attractive 
economically. In terms of its properties in relation to water, it has an excellent swelling capacity 
which in turn makes gives it fast kinetics and excellence at removing a wide range of pollutants. 
Due to its functional groups, it can easily be modified and tailored to target specific pollutants. 
The gelation characteristics of starch allow it to be soluble in water at elevated temperatures has 
made it a suitable choice to be used as a dispersant for nanoparticles used in water 
decontamination[65]. Better dispersion of these nanoparticles will result in improved reactivity 
to efficiently decontaminate water. 
A study by He and Zhao prepared Fe-Pd nanoparticles with and without the use of starch as the 
dispersing agent or stabilizer for the dechlorination of trichloroethene (TCE) hydrocarbon[65]. 
Morphological analysis through transmission electron microscopy showed that Fe-Pd 
nanoparticles without starch were agglomerated and formed a network or dendritic floc with 
varying densities (Figure 5a). Contrarily, starch-Fe-Pd nanoparticles exhibited remarkable 





Figure 5. Transmission electron microscopy of Fe-Pd nanoparticles prepared (a) without and (b) 
with starch as a stabilizing agent. Adapted from He et al.[65]. ACS copyright © 2005. 
 
It was found that iron-starch interactions and development of intra-starch Fe clusters contribute a 
crucial part in dispersing and stabilizing the iron nanoparticles. These nanoparticles were tested 
for their efficiency in the dechlorination of TCE. The dichlorination rate of starch-Fe-Pd was 
found to be significantly greater than particles not stabilized with starch. This is because the 
exposure of the particles to reactivity was far greater when starch was used as a stabilizer in 
comparison to agglomerated particles, which only reacted with particles that were exposed. To 
understand the efficiency of starch as a stabilizer, another research has reported similar 
dichlorination rate but with a concentration of 200 times the amount of Fe particles[66]. A 
summary of starch derivatives used in the removal of pollutant from water is presented in Table 
3. One major drawback of starch used in water decontamination is that the particle size varies 
with plant source and therefore might perform differently due to difference in surface area. 
Table 3. Starch-based materials used in water decontamination. 
Material Contaminant  Ref. 















Polymerized starch with epichlorohydrin Dyes  [69] 
 




An excipient is defined by the international pharmaceutical excipient council (IPEC) as “any 
substance other than active drug or pro-drug that is included in the manufacturing process or is 
contained in finished pharmaceutical dosage forms”. Other entities categorize them according to 
their functions in the final manufacture drug such as binders, disintegrants, diluents, and 
lubricants [70,71]. The application of starch in the pharmaceutical industry spans from its use as 
a non-active ingredient, drug delivery to coating and binders in drugs. It is also an important 
excipient, which the industry uses extensively[71]. This is because of its physical characteristics 
and properties such as smoothness and ability to be molded, gellability and binding capacity. 
Moreover, its abundance and availability coupled with low cost, biodegradability, and 
biocompatibility make it an attractive material to the industry. 
The ability of starch to gel has found use as a binding agent in the production of capsules and 
tablets through the process of wet granulation[72]. Starch is especially suitable in this process as 
it can act as a dispersing agent to uniformly distribute the drug particles in either high or low 
concentrations and binds the particles to form loose agglomerates while allowing for easy 
compression thereafter, to form compacted tablets typically for oral ingestion[73]. It is typically 
used at low concentrations of about 3 to 20 wt. % with respect to the weight of the compacted 
tablets[30]. This range of starch concentration is due to the variance in the type and 
concentrations of other materials used in the formulation as well as parameters in the production 
of the tablets. 
Although starch has been applied as a binder in tablet and capsule production, it also functions as 
a disintegrant[74]; it aids the breakup capsules shells and tablets for quick release and 
assimilation of the active components of the drug into the body[71]. Starch is one of the most 




hydrogen bonds between the starch molecule and the other constituents of the tablet after 
compaction of the drug help bind the tablet. However, when the drug encounters an aqueous 
medium (water), the starch granules absorb it; this results in the disruption of hydrogen bonding, 
swelling of the granules which then elastically deforms[74,75]. This process loosens up the 
compacted tablet particles, which eventually breaks apart. Figure 6 shows a schematic of the 
process of drug disintegration into particles, which are then absorbed by the body. Depending on 
the type of starch used and its position as either indo-, exo- or indo-exo-disintegrants, drug 
composition and parameter used in the manufacture just to mention a few, the rate of 
disintegration varies significantly [74]. 
 
Figure 6. Schematic representation of tablet disintegration and assimilation into the body [70]. 
Starch is widely used as a disintegrant because it is required at a relatively low concentration 
ranging from 3-15 wt. % of the total drug weight[30,76].  Native starch in comparison to 
modified starch, such as re-gelatinized starch performs not as well as modified starch in its 
binding and disintegrant applications in drugs[71]. This is due to the partial opening of the starch 
granules after pre-gelatinization, thereby allowing the exposed hydroxyl groups form hydrogen 




dispersion of the starch within the drug. Hence, bonding is improved and render the 
disintegration of the drug more efficient. 
3.5. Advances in Drug Delivery using Starch 
Starch as a green and biocompatible material has currently attracted a substantial interest as a 
potential drug delivery agent as well as in controlling the rate of active drug release over periods 
of time. The drug release over time of tablets can be controlled through the modification of the 
dual functional native starch used as binder and disintegrant. Odeku et al [77–81] studied various 
starches from various sources in tablet manufacture and found that the rate of disintegration, 
which is also related to the rate of active drug component release was greatly affected by the 
source of the starch and the modification type done to the native starches. Depending on the type 
of modification carried out to starches such as acid modified, pre-gelatinized, freeze-dried, 
crosslinked and hydroxypropylation, the disintegration and binding properties are significantly 
affected, which consequently affects the rate of drug release. Similarly, the source of the starch is 
also a great influencing factor of these properties as well. Therefore, it is important that the right 
source of starch and modification be chosen to target specific drug release. 
Alexiou et al[82] conducted a study to explore the biocompatibility and reactivity of starch as a 
carrier for targeting cancer cells. In this study, iron oxide nanoparticles were sized with modified 
starch containing phosphate groups, which were then infused with mitoxantrone as a 
chemotherapeutic drug [82]. It was shown that by applying a magnetic field over the cancer 
tissues in the subject, these nanoparticles concentrate in these areas and destroy the cancer cells 




Ahmad et al[83,84] developed a novel method of drug delivery in the gastrointestinal tract (GIT) 
using bioadhesive microspheres (BAM) synthesized from rice starch by double emulsion 
evaporation method. In this study, BAM was used as a carrier for metronidazole for colon and 
intestinal disease treatment. It was shown that these microspheres were able to withstand 
microbial degradation and hydrolysis from enzymes, acids and alkalis, thereby resulting in slow 
drug release for a prolonged period. It was also suggested that this novel application of starch 
can be used as a carrier for other types of effective drugs to combat gastrointestinal tract 
infections. Using the same rice starch but modified by carboxylation and oxidation, Ahmad et 
al[85] studied the drug release rate of tablets containing metronidazole. It was found that the 
modified starches were effective in the release rate and varied depending on what environment 
the tablet was in within the GIT. 
The thermo-sensitivity of starch derivatives has recently been geared towards drug delivery[86]. 
This novel research is based on previous technology where thermo-sensitive polymers have been 
used in drug delivery [87]. The swelling and expansion, which occur when starch is exposed to 
moisture at elevated temperatures have been used to control the release of drugs. This 
mechanism was applied to corn where it was degraded using acid to expose functional groups in 
the starch granules[86]. This treated starch was then reacted with butyl glycidyl ether under 
controlled parameters to yield micelles of 2-hydroxy-3-butoxypropyl starch polymers. 
Prednisone as the choice of drug was then loaded into the modified starch through a dialysis 
process. The results showed that the modified starch carrying hydrophilic alkyl groups can form 
micelles and the lower critical solution temperatures (LCST) of this starch was a function of the 
degree of molar substitution (MS) of butyl glycidyl ether to the anhydroglucose units of the 




This indicates that the micelles can be designed to swell and control the rate of drug release at 
different temperatures. With the LCST of the modified starch micelles determined to be 32.5 °C, 
they were tested for their drug release in distilled water at 20 and 40 °C. It was found that 38 % 
of the drug was released at 20 °C while 90 % was released at 40 °C. In both cases, the duration 
of the study was 100 h. At temperatures above the LCST, the micelle structure was less stable, 
resulted in a failure to confine the drug, and therefore caused it to leach out of the structure. 
Starch in combination with polymers for porous media and drug infusion is another area that has 
also been investigated. Microcapsules, where starch is utilized in drug delivery has also been 



















This study was able to produce microparticles 
ranging in sizes from 5 to 900 µm with both smooth 
and porous surface morphologies. In-vitro studies 
also showed that there was a steady release of the 
drug of choice over a 30-day period, indicating its 





Microparticles Spray-drying of 
gelatinized 
starch 
This studied produced heterogeneously shaped 
particles which showed a drug release sustainability 
of over 6 h. it also showed that the concentration of 
starch used in the production of the particles, as 









Hydrogel  Isostatic ultra-
high pressure 
The result from this study showed that corn starch-
based hydrogel carrier exhibited sustained drug 
release while potato starch-based hydrogel 
exhibited fast drug release. This study showed that 
the source of the starch could significantly affect 




Microspheres  Single 
emulsion 
crosslinking 
This study produced microspheres with diameters 
ranging from 3 to 540 μm. Particle size was shown 
to be dependent on the crosslinking reaction while 
the release of the drug was rapid within the first 2 h 






Microfibers  Electrospinning  Changing the ratio of starch to PVA ratio showed 
an effect on the type of fibers produced; either 
beaded or smooth cylindrical fiber. The study also 
showed that the fibers had a high water-soluble 
index, which was excellent to be used as a drug 
carrier. Drug release test showed that the initial 
release was from the PVA phase while the 
sustained release was from the starch phase. This 
indicates that a quick and sustained dose can be 







 The results showed that the nanoparticles were 
effective in rapid drug release and dependent on the 
particle size. Likewise, the degree of crosslinking 
was observed to have an effect on the drug release 





 3.6. Antimicrobial films and coatings based on starch  
The proliferation of antibiotics resistant bacteria has posed a substantial demand for innovative 
strategies to fight pathogenic bacterial infection in the health and personal care as well as food 




conventional antibiotics and is currently gaining interest in coatings, personal care and active 
food packaging, and biomedical applications.  Typical antimicrobial agents used with polymers 
are organic or inorganic acids, metals, alcohols ammonium compounds or amines [94]. However, 
due to the low molecular weight of these antimicrobial agents, their retention capacity has been 
reported to be poor causing them to leach out when applied directly to a substrate or polymer 
system, thereby inhibiting their antimicrobial performance. The interest in starch as an 
antimicrobial agent carrier is accrued from its film-forming properties, and high molecular 
weight. The use of such high molecular weight polymer as a carrier of antimicrobial polymer 
eliminates the problem of leaching via entanglement and other interactions with the baseline 
plastic making polymer [95,96]. In addition, starch is economical, environmentally friendly, and 
non-toxic making it appealing in food packaging and biomedical applications. Typically, the 
antimicrobial agent is covalently bonded to starch via a synthetic strategy to improve its retention 
in polymers. 
Guan et al [96] synthesized antimicrobial modified starch by covalently bonding 
polyhexamethylene guanidine hydrochloride (PHGH) with potato starch through a coupling 
reaction using glycerol diglycicyl ether (GDE) to improve its adsorption on cellulose fibers. A 
shaking flask method was used to evaluate the biocidal activity against E. coli and S. aureus 
while atomic force microscopy was used to monitor the antimicrobial mechanism. Their results 
revealed that 1 wt.% PHGH modified starch in cellulose fibers inhibited the growth of the 
studied bacteria by almost 100 % [96]. A similar study carried out by Ziaee et al [95] using 
modified starch containing 12 wt.% PHGH with as low as 20 mg/g PHGH modified starch 
dosage on cellulose fibers revealed excellent antimicrobial activities against E. coli bacteria as 




globosum fungi investigated by SEM. In this studies, introducing the modified starch in fibers 
increased the tensile index and decreased the tear index simultaneously [95]. Several other 
authors have also researched and reported positive antimicrobial outcomes by using guanidine 
hydrochloride based modified starch [97,98].  
Pelissari et al prepared a film from plasticized starch-chitosan modified with oregano essential 
oil (OEO) at concentrations of 0, 0.1, 0.5 and 1 % and investigated the antimicrobial properties 
against Bacillus cereus, Escherichia coli, Samonella enteritidis and Staphylococus aureus using 
the disk inhibition zone method. From their results, although a higher inhibition halo was 
observed for B. cereus and S. aureus (gram positive) and a smaller inhibition halo for S. 
enteritidis and E. coli (gram negative), all OEO modified films exhibited inhibition zones, which 
increased with an increase in OEO concentration. The presence of OEO in starch films not only 
improved the biocidal activity but also improved hydrophobicity and water vapor barrier 
properties [99]. 
Shen et al plasticized potato starch and prepared antimicrobial starch films modified by 
incorporating potassium sorbate or chitosan at concentrations of 0, 5, 10, 15 g/100 g starch and 
observed the biocidal activity of modified films against E. coli and S. aureus. Films prepared 
with 10% or less potassium sorbate could not suppress the growth of E.coli and showed no 
inhibition zones. They suggested an interaction between the hydroxyl group in starch and the 
carboxyl group in potassium sorbate limited the release of potassium sorbate responsible for 
inhibiting the growth of bacteria from the film; hence limiting the biocidal activity. On the other 
hand, significant inhibition zones were observed when the concentration was increased to 15 % 
resulting from the release of sorbic acid from the starch films. The films prepared with chitosan 




concentration increased to 15 %. Potassium sorbate starch films tested against S. aureus revealed 
no inhibitory zones as compared to chitosan-starch films which inhibited the growth of S. aureus 
at 10 % concentration; with no change in activity with an increase in concentration. The films 
that revealed inhibition zones in both cases showed no contamination, which suggests that these 
antimicrobial agents inhibited the growth of other microorganisms as well. In addition to the 
biocidal activity, the presence of these antimicrobial agents impacted the mechanical properties, 
water vapor and oxygen permeability, and solubility of films [100]. Other examples of starch 
utilization in antimicrobial polymer applications are presented in Table 5.  





Concentration Microorganism Remarks Reference 
Potato PHGH 1 % E. coli 
S. aereus 
100 % inhibition [96] 







0.1, 0.5, 1 % B. cereus, E. coli, S.  
enteridites, and S.  
aereus 
Increased biocidial 
activity against gram 







5, 10, 15 % E. coli No inbibition zones at 






S. aereus No inhibition zones 
Chitostan 5, 10, 15 % E. coli 
 




S. aereus Inhibition at 10 %, no 
increase with 
concentration 







3 % Zygosaccharomyces 
bailii 
 
Lactobacillus spp No inhibition 
Wheat Chitostan  Various B. subtilis 
E. coli 
Low inhibition [102] 
Chitostan-
lauric acid 








starch hydrochloride % compared to 
starch 
S. aereus properties 
     
3.5. Other advanced applications of starch and its derivative materials 
Technological advances and research have certainly focused on the use of starch in various 
applications such as electronics, photonics, energy, sensors and superhydrophobic surfaces. The 
property and ability for the starch to form thin films when gelatinized and cast on a substrate 
have lent itself as a moisture barrier in the application of superhydrophobic papers. In a study by 
Chen et al, a superhydrophobic paper was fabricated by the casting of two layers of solutions on 
the surface of paper [103]. The first layer comprised of a gelatinized starch composite containing 
enzyme, sizing agent, crosslinker and aluminum sulfate as a pH adjuster and was rolled on while 
the second layer was a suspension of hexamethyldisilazane treated silica nanoparticles (HMDS-
SiNPs) in ethanol. This layer was immediately sprayed on after the application of the gelatinized 
starch and allowed for the ethanol to evaporate. This allowed for the bonding of the HMDS-
SiNPs to the starch layer while it was curing. Results from the contact angle test showed that the 
treated paper was superhydrophobic with a contact angle of 162 degrees as shown in figure 7a. 
The presence of the HMDS-SiNPs on the surface acted to repel the water molecules. In a 
submersion test, both treat papers with and without the first layer of gelatinized starch were 
completely submerged in water for a period of 2 mins. The paper without the starch layer was 
completely soaked and allowed water to penetrate through its fibers. However, the paper with 
both layers treated was dry after the 2 mins water immersion. For this, it was suggested that the 
thin film formed from the crosslinked and gelatinized starch clogged the porous structure of the 




noticed were increased mechanical durability of the treated paper. Likewise, the visual 
appearance of the paper after treatment was not affected since very thin layers were applied. It 
can be observed that the tailoring of starch with other materials can provide several interesting 
attributes with numerous applications; one such feature is hydrophobicity of starch that is 
inherently hydrophilic. 
Starch has been shown to have comparatively good optical properties, which can be channeled 
for use in various applications. The application of starch as a substrate in photonics in 
comparison to other biopolymer substrates has been investigated by Cyprych et al [104] and 
shown to have greater photostability due to its low oxygen permeability. In this study, starch was 
gelatinized using water and then doped with rhodamine 6G water solution, which acted as a light 
amplification medium. This mixture was casted on a glass substrate and allowed to air dry, 
forming a layer of rhodamine 6G doped modified starch. When the doped starch was 
photoexcited, a generation of random lasing effects was observed due to the formation of a 
random roughness of the starch granules deposited on the substrate. In comparison to other 
biomaterials such as DNA, and proteins, starch could exhibit better photonic properties. Figure 
7b shows a schematic of the mechanism of random lasing due to the random formation of starch 
granules on a glass substrate. This work showed that starch has the potential to be used in 
photonic applications such as light emitting diodes and color imaging. With further research and 





Figure 7. (a) Contact angle test of superhydrophobic paper modified with starch composites. 
Adapted with permission [103]. Copyright 2017. Elsevier, (b) Schematic representation 
of random lasing of modified starch on glass substrate after photoexcitation is applied. 
Adapted with permission [104]. Copyright 2017. Elsevier, and (c) The effect of 
frequency changes of PEI and PEI/starch film sensors materials as a function of carbon 
dioxide concentration. Adapted with permission [105]. Copyright 2011. Elsevier. 
With the rate of carbon dioxide emissions from our ever-growing industries around the world, 
we have seen great significance in climate change. One of the areas starch has been used is in 
research and development of sensors for carbon dioxide. In a study by Sun et al [105], 
polyethylenimine (PEI) and polyethylenimine-starch composite films were spin coated on quartz 
crystal microbalance sensors. Carbon dioxide and nitrogen gases were pumped alternatively and 




composite exhibited significantly higher sensitivity to the carbon dioxide. Figure 7c shows the 
effect of carbon dioxide gas concentration on the frequency changes of both PEI and PEI/starch 
films. Both films showed an increase with increasing carbon dioxide concentrations while the 
PEI/starch film showed significantly greater frequency changes in comparison to that of the PEI 
film. It was postulated that the greater sensitivity to carbon dioxide was due to the more 
protonation of the amino groups within the PEI polymer thereby increasing recognition of carbon 
dioxide at the polymer layer. The mechanism through which this occurred was deduced to come 
from the presence of starch attracting moisture to the surface of the film and subsequently 
interacting with carbon dioxide to form carbonates and bicarbonate ions. This study shows that 
starch is a versatile material and with fundamental understanding of its properties, it can be 
geared towards specific applications. 
4. Outlooks, Prospects and Conclusions 
The environmental concerns from the utilization of non-sustainable, non-biodegradable and toxic 
feedstock in industrial applications have created an increased interest for the need to research and 
develop biomaterials with starch being a sort after and potential candidate because of the many 
benefits it brings. The environmentally friendliness and ease of chemical modification such as 
gelatinization and blending of starch with other materials such as polymers have been shown to 
produce desirable properties suited to specific end use. By varying the type, level and degree of 
modification in modified starch, the physicochemical properties of the final material based on 
starch can be varied. Utilization of starch as healant in self-healing thermoset resins have shown 
to be a viable alternative material to currently used highly reactive and toxic chemicals [44]. 
Drug delivery systems require carriers and materials that can easily be modified and used as 




drug delivery system especially because of its biocompatibility and degradability within the 
subject after effective release of the drug. Likewise, it is less-expensive and readily found across 
the globe. Properties of starch such as bindability, and gel-ability has found many uses in the 
pharmaceutical industry to act as disintegrants, binders, dispersants and lubricants. They have 
also found utilization in the production of porous metallic and ceramic media for applications 
such as filtration and tissue engineering. With the world focused on moving towards 
sustainability, starch has found itself as one of the for front runners in the development of 
functional materials for advanced applications. While starch can complement efforts towards the 
development of renewable polymers, perceived competition with food production could limit its 
extensive utilization in commodity applications. However, its use in functional and advanced 
material application is expected to attract more attention. 
Acknowledgements 
We acknowledge the Department of Chemical Engineering and the Faculty of Engineering of the 
University of Waterloo for funding this research. 
References 
[1] C.S.K. Lin, L.A. Pfaltzgraff, L. Herrero-Davila, E.B. Mubofu, S. Abderrahim, J.H. Clark, 
A.A. Koutinas, N. Kopsahelis, K. Stamatelatou, F. Dickson, S. Thankappan, Z. Mohamed, 
R. Brocklesby, R. Luque, Food waste as a valuable resource for the production of 
chemicals, materials and fuels. Current situation and global perspective, Energy Environ. 
Sci. 6 (2013) 426. doi:10.1039/c2ee23440h. 
[2] T. Mekonnen, P. Mussone, D. Bressler, Valorization of rendering industry wastes and co- 
products for industrial chemicals, materials and energy: review, Crit. Rev. Biotechnol. 36 
(2016) 120. doi:10.3109/07388551.2014.928812. 
[3] T. Mekonnen, M., Fermented Soymeals and Their Reactive Blends with Poly(butylene 
adipate-co-terephthalate) in Engineering Biodegradable Cast Films for Sustainable 
Packaging, Acs Sustain. Chem. Eng. 4 (2016) 782–793. 
doi:10.1021/acssuschemeng.5b00782. 
[4] R. Muthuraj, T. Mekonnen, Recent progress in carbon dioxide (CO 2 ) as feedstock for 
sustainable materials development: Co-polymers and polymer blends, Polymer (Guildf). 




[5] R. Muthuraj, T. Mekonnen, Carbon dioxide derived poly (propylene carbonate) polymer 
for composites and nanocomposites: performance, biodegradation and applications., 
Macromol. Mater. Eng. (2018). doi:10.1002/mame.201800366. 
[6] F. Domingos De Sousa, M.L. Holanda-Araújo, J.R. Rodrigues De Souza, R. De Souza 
Miranda, R.R. Almeida, E. Gomes-Filho, N.M. Pontes-Ricardo, A.C. Oliveira Monteiro-
Moreira, R. De Azevedo Moreira, Physicochemical Properties of Edible Seed 
Hemicelluloses, Open Access Libr. J. 4 (2017). doi:10.4236/oalib.1103683. 
[7] E. Ojogbo, R. Blanchard, T. Mekonnen, Hydrophobic and Melt Processable Starch-
Laurate Graft Polymers: Synthesis, Structure – Property Correlations, J. Polym. Sci. Part 
A-Polymer Chem. (2018). 
[8] L. Copeland, J. Blazek, H. Salman, M.C. Tang, Form and functionality of starch, Food 
Hydrocoll. 23 (2009) 1527–1534. doi:10.1016/J.FOODHYD.2008.09.016. 
[9] Zia-ud-Din, H. Xiong, P. Fei, Physical and chemical modification of starches: A review, 
Crit. Rev. Food Sci. Nutr. 57 (2017) 2691–2705. doi:10.1080/10408398.2015.1087379. 
[10] N. Masina, Y.E. Choonara, P. Kumar, L.C. du Toit, M. Govender, S. Indermun, V. Pillay, 
A review of the chemical modification techniques of starch, Carbohydr. Polym. 157 
(2017) 1226–1236. doi:10.1016/j.carbpol.2016.09.094. 
[11] E. Šárka, V. Dvořáček, Waxy starch as a perspective raw material (a review), Food 
Hydrocoll. 69 (2017) 402–409. doi:10.1016/j.foodhyd.2017.03.001. 
[12] J. Ahmed, Starch-based polymeric materials and nanocomposites : chemistry, processing, 
and applications, CRC, 2012. 
[13] J. Gao, Z.-G. Luo, F.-X. Luo, Ionic liquids as solvents for dissolution of corn starch and 
homogeneous synthesis of fatty-acid starch esters without catalysts, Carbohydr. Polym. 89 
(2012) 1215–1221. doi:10.1016/j.carbpol.2012.03.096. 
[14] M.A. Villar, Starch-based materials in food packaging : processing, characterization and 
applications, n.d. 
[15] M.N. Belgacem, A. Gandini, Monomers, polymers and composites from renewable 
resources, Elsevier, 2008. 
[16] Y. Zhang, C. Rempel, Q. Liu, Thermoplastic Starch Processing and Characteristics—A 
Review, Crit. Rev. Food Sci. Nutr. 54 (2014) 1353–1370. 
doi:10.1080/10408398.2011.636156. 
[17] N. Singh, J. Singh, L. Kaur, N. Singh Sodhi, B. Singh Gill, Morphological, thermal and 
rheological properties of starches from different botanical sources, Food Chem. 81 (2003) 
219–231. doi:10.1016/S0308-8146(02)00416-8. 
[18] A. Rolland-Sabaté, T. Sánchez, A. Buléon, P. Colonna, B. Jaillais, H. Ceballos, D. 
Dufour, Structural characterization of novel cassava starches with low and high-amylose 
contents in comparison with other commercial sources, Food Hydrocoll. 27 (2012) 161–
174. doi:10.1016/J.FOODHYD.2011.07.008. 
[19] C. Mutungi, F. Rost, C. Onyango, D. Jaros, H. Rohm, Crystallinity, Thermal and 
Morphological Characteristics of Resistant Starch Type III Produced by Hydrothermal 
Treatment of Debranched Cassava Starch, Starch - StÃ¤rke. 61 (2009) 634–645. 
doi:10.1002/star.200900167. 
[20] J. Muller, C. González-Martínez, A. Chiralt, Combination of Poly(lactic) Acid and Starch 
for Biodegradable Food Packaging, Materials (Basel). 10 (2017) 952. 
doi:10.3390/ma10080952. 




Processing, and Applications, n.d. 
[22] N. Boudries, N. Belhaneche, B. Nadjemi, C. Deroanne, M. Mathlouthi, B. Roger, M. 
Sindic, Physicochemical and functional properties of starches from sorghum cultivated in 
the Sahara of Algeria, Carbohydr. Polym. 78 (2009) 475–480. 
doi:10.1016/j.carbpol.2009.05.010. 
[23] K. Wang, W. Wang, R. Ye, A. Liu, J. Xiao, Y. Liu, Y. Zhao, Mechanical properties and 
solubility in water of corn starch-collagen composite films: Effect of starch type and 
concentrations, Food Chem. 216 (2017) 209–216. doi:10.1016/j.foodchem.2016.08.048. 
[24] H. Liu, F. Xie, L. Yu, L. Chen, L. Li, Thermal processing of starch-based polymers, Prog. 
Polym. Sci. 34 (2009) 1348–1368. doi:10.1016/J.PROGPOLYMSCI.2009.07.001. 
[25] D. Le Corre, H. Angellier-Coussy, Preparation and application of starch nanoparticles for 
nanocomposites: A review, React. Funct. Polym. 85 (2014) 97–120. 
doi://doi.org/10.1016/j.reactfunctpolym.2014.09.020. 
[26] H. Winkler, W. Vorwerg, R. Rihm, Thermal and mechanical properties of fatty acid starch 
esters, Carbohydr. Polym. 102 (2014) 941–949. doi:10.1016/J.CARBPOL.2013.10.040. 
[27] H. Winkler, W. Vorwerg, H. Wetzel, Synthesis and properties of fatty acid starch esters, 
Carbohydr. Polym. 98 (2013) 208–216. doi:10.1016/J.CARBPOL.2013.05.086. 
[28] H. Chi, K. Xu, X. Wu, Q. Chen, D. Xue, C. Song, W. Zhang, P. Wang, Effect of 
acetylation on the properties of corn starch, Food Chem. 106 (2008) 923–928. 
doi:10.1016/J.FOODCHEM.2007.07.002. 
[29] O. V. López, M.A. García, N.E. Zaritzky, Film forming capacity of chemically modified 
corn starches, Carbohydr. Polym. 73 (2008) 573–581. 
doi:10.1016/J.CARBPOL.2007.12.023. 
[30] T. Sasaki, T. Yasui, J. Matsuki, Effect of Amylose Content on Gelatinization, 
Retrogradation, and Pasting Properties of Starches from Waxy and Nonwaxy Wheat and 
Their Seeds, Cereal Chem. J. 77 (2000) 58–63. doi:10.1094/CCHEM.2000.77.1.58. 
[31] C.K. Simi, T.E. Abraham, Physicochemical Rheological and Thermal Properties of 
Njavara Rice (Oryza sativa) Starch, J. Agric. Food Chem. 56 (2008) 12105–12113. 
doi:10.1021/jf802572r. 
[32] S. Fujita, G. Fujiyama, The Study of Melting Temperature and Enthalpy of Starch from 
Rice, Barley, Wheat, Foxtail- and Proso-millets, Starch - Stärke. 45 (1993) 436–441. 
doi:10.1002/star.19930451207. 
[33] K.N. Waliszewski, M.A. Aparicio, L.A. Bello, J.A. Monroy, Changes of banana starch by 
chemical and physical modification, Carbohydr. Polym. 52 (2003) 237–242. 
doi:10.1016/S0144-8617(02)00270-9. 
[34] N.L. Vanier, S.L.M. El Halal, A.R.G. Dias, E. da Rosa Zavareze, Molecular structure, 
functionality and applications of oxidized starches: A review, Food Chem. 221 (2017) 
1546–1559. doi:10.1016/J.FOODCHEM.2016.10.138. 
[35] M. Miyazaki, P. Van Hung, T. Maeda, N. Morita, Recent advances in application of 
modified starches for breadmaking, Trends Food Sci. Technol. 17 (2006) 591–599. 
doi:10.1016/J.TIFS.2006.05.002. 
[36] Q. Chen, H. Yu, L. Wang, Z. ul Abdin, Y. Chen, J. Wang, W. Zhou, X. Yang, R.U. Khan, 
H. Zhang, X. Chen, Recent progress in chemical modification of starch and its 
applications, RSC Adv. 5 (2015) 67459–67474. doi:10.1039/C5RA10849G. 
[37] M. Haroon, L. Wang, H. Yu, N.M. Abbasi, Z.-A. Zain-ul-Abdin, M. Saleem, R.U. Khan, 




adsorbent material, RSC Adv. 6 (2016) 78264–78285. doi:10.1039/C6RA16795K. 
[38] A. Rajan, T.E. Abraham, Enzymatic modification of cassava starch by bacterial lipase, 
Bioprocess Biosyst. Eng. 29 (2006) 65–71. doi:10.1007/s00449-006-0060-5. 
[39] A. Rajan, J.D. Sudha, T.E. Abraham, Enzymatic modification of cassava starch by fungal 
lipase, Ind. Crops Prod. 27 (2008) 50–59. doi:10.1016/J.INDCROP.2007.07.003. 
[40] E.O. Arijaje, Y.-J. Wang, S. Shinn, U. Shah, A. Proctor, Effects of Chemical and 
Enzymatic Modifications on Starch–Stearic Acid Complex Formation, J. Agric. Food 
Chem. 62 (2014) 2963–2972. doi:10.1021/jf5004682. 
[41] S. Ahmed, F.R. Jones, A review of particulate reinforcement theories for polymer 
composites, J. Mater. Sci. 25 (1990) 4933–4942. doi:10.1007/BF00580110. 
[42] W. Cantwell, J. Morton, The impact resistance of composite materials—a review, 
Composites. 22 (1991) 347–362. 
[43] V.K. Thakur, M.R. Kessler, Self-healing polymer nanocomposite materials: A review, 
Polymer (Guildf). 69 (2015) 369–383. doi:10.1016/j.polymer.2015.04.086. 
[44] J.R. Kim, A.N. Netravali, Self-healing starch-based ‘green’ thermoset resin, Polymer 
(Guildf). 117 (2017) 150–159. doi:10.1016/J.POLYMER.2017.04.026. 
[45] J.R. Kim, A.N. Netravali, Parametric study of protein-encapsulated microcapsule 
formation and effect on self-healing efficiency of ‘green’ soy protein resin, J. Mater. Sci. 
52 (2017) 3028–3047. doi:10.1007/s10853-016-0588-y. 
[46] M.. Kessler, N.. Sottos, S.. White, Self-healing structural composite materials, Compos. 
Part A Appl. Sci. Manuf. 34 (2003) 743–753. doi:10.1016/S1359-835X(03)00138-6. 
[47] S.R. White, N.R. Sottos, P.H. Geubelle, J.S. Moore, M.R. Kessler, S.R. Sriram, E.N. 
Brown, S. Viswanathan, Autonomic healing of polymer composites, Nature. 409 (2001) 
794–797. doi:10.1038/35057232. 
[48] K. Sanada, I. Yasuda, Y. Shindo, Transverse tensile strength of unidirectional fibre-
reinforced polymers and self-healing of interfacial debonding, Plast. Rubber Compos. 35 
(2006) 67–72. doi:10.1179/174328906X79914. 
[49] J.D. Rule, E.N. Brown, N.R. Sottos, S.R. White, J.S. Moore, Wax-Protected Catalyst 
Microspheres for Efficient Self-Healing Materials, Adv. Mater. 17 (2005) 205–208. 
doi:10.1002/adma.200400607. 
[50] O. Lyckfeldt, J.M.F. Ferreira, Processing of porous ceramics by ‘starch consolidation,’ J. 
Eur. Ceram. Soc. 18 (1998) 131–140. doi:10.1016/S0955-2219(97)00101-5. 
[51] J.B. Davis, A. Kristoffersson, E. Carlström, W.J. Clegg, Fabrication and Crack Deflection 
in Ceramic Laminates with Porous Interlayers, J. Am. Ceram. Soc. 83 (2004) 2369–2374. 
doi:10.1111/j.1151-2916.2000.tb01563.x. 
[52] H.. Alves, G.  ar  , A.. Fonseca, J.M.. Ferreira, Processing of porous cordierite bodies by 
starch consolidation, Mater. Res. Bull. 33 (1998) 1439–1448. doi:10.1016/S0025-
5408(98)00131-7. 
[53] Z. Živcová, E. Gregorová, W. Pabst, D.S. Smith, A. Michot, C. Poulier,  hermal 
conductivity of porous alumina ceramics prepared using starch as a pore-forming agent, J. 
Eur. Ceram. Soc. 29 (2009) 347–353. doi:10.1016/j.jeurceramsoc.2008.06.018. 
[54] J.-G. Kim, J.-H. Sim, W.-S. Cho, Preparation of porous (Ba,Sr)TiO 3 by adding corn-
starch, J. Phys. Chem. Solids. 63 (2002) 2079–2084. doi:10.1016/S0022-3697(02)00197-
X. 
[55] A.. Lemos, J.M.. Ferreira, Porous bioactive calcium carbonate implants processed by 





[56] H.X. Peng, Z. Fan, J.R.G. Evans, Factors affecting the microstructure of a fine ceramic 
foam, Ceram. Int. 26 (2000) 887–895. doi:10.1016/S0272-8842(00)00032-8. 
[57] H.X. Peng, Z. Fan, J.R.G. Evans, J.J.C. Busfield, Microstructure of ceramic foams, J. Eur. 
Ceram. Soc. 20 (2000) 807–813. doi:10.1016/S0955-2219(99)00229-0. 
[58] A. Fadli, I. Sopyan, Preparation of porous alumina for biomedical applications through 
protein foaming–consolidation method, Mater. Res. Innov. 13 (2009) 327–329. 
doi:10.1179/143307509X440668. 
[59] C. Ribeiro, J.C. Bressiani, A.H. de A. Bressiani, A study of the consolidation method with 
albumin to obtain porous beta-TCP ceramics, Mater. Res. 10 (2007) 307–310. 
doi:10.1590/S1516-14392007000300017. 
[60] A. Mansourighasri, N. Muhamad, A.B. Sulong, Processing titanium foams using tapioca 
starch as a space holder, J. Mater. Process. Technol. 212 (2012) 83–89. 
doi:10.1016/j.jmatprotec.2011.08.008. 
[61] A.F. Lemos, J.M.F. Ferreira, Combining Foaming and Starch Consolidation Methods to 
Develop Macroporous Hydroxyapatite Implants, Key Eng. Mater. 254–256 (2003) 1041–
1044. doi:10.4028/www.scientific.net/KEM.254-256.1041. 
[62] D. Aussawasathien, C. Teerawattananon, A. Vongachariya, Separation of micron to sub-
micron particles from water: Electrospun nylon-6 nanofibrous membranes as pre-filters, J. 
Memb. Sci. 315 (2008) 11–19. doi:10.1016/j.memsci.2008.01.049. 
[63] E.A. Jackson, M.A. Hillmyer, Nanoporous Membranes Derived from Block Copolymers: 
From Drug Delivery to Water Filtration, ACS Nano. 4 (2010) 3548–3553. 
doi:10.1021/nn1014006. 
[64] P. Raveendran, J. Fu, S.L. Wallen, Completely “Green” Synthesis and Stabilization of 
Metal Nanoparticles, J. Am. Chem. Soc. 125 (2003) 13940–13941. 
doi:10.1021/ja029267j. 
[65] F. He, D. Zhao, Preparation and Characterization of a New Class of Starch-Stabilized 
Bimetallic Nanoparticles for Degradation of Chlorinated Hydrocarbons in Water, Environ. 
Sci. Technol. 39 (2005) 3314–3320. doi:10.1021/es048743y. 
[66] C.-B. Wang, W. Zhang, Synthesizing Nanoscale Iron Particles for Rapid and Complete 
Dechlorination of TCE and PCBs, Environ. Sci. Technol. 31 (1997) 2154–2156. 
doi:10.1021/es970039c. 
[67] R.E. Wing, Dissolved heavy-metal removal by Insoluble Starch Xanthate (ISX), Environ. 
Prog. 2 (1983) 269–272. doi:10.1002/ep.670020415. 
[68] B.S. Kim, S.-T. Lim, Removal of heavy metal ions from water by cross-linked 
carboxymethyl corn starch, Carbohydr. Polym. 39 (1999) 217–223. doi:10.1016/S0144-
8617(99)00011-9. 
[69] F. Delval, G. Crini, N. Morin, J. Vebrel, S. Bertini, G. Torri, The sorption of several types 
of dye on crosslinked polysaccharides derivatives, Dye. Pigment. 53 (2002) 79–92. 
doi:10.1016/S0143-7208(02)00004-9. 
[70] P.M. Desai, C.V. Liew, P.W.S. Heng, Review of Disintegrants and the Disintegration 
Phenomena, J. Pharm. Sci. 105 (2016) 2545–2555. doi:10.1016/j.xphs.2015.12.019. 
[71] B. Hartesi, Sriwidodo, M. Abdassah, A.Y. Chaerunisaa, Starch as Pharmaceutical 
Excipient, Int. J. Pharm. Sci. Rev. Res. 2 (2016) 59–64. 
[72] A. Faure, P. York, R.C. Rowe, Process control and scale-up of pharmaceutical wet 





[73] P.F. Builders, M.I. Arhewoh, Pharmaceutical applications of native starch in conventional 
drug delivery, Starch - Stärke. 68 (2016) 864–873. doi:10.1002/star.201500337. 
[74] M.O. Adedokun, O.A. Itiola, Disintegrant activities of natural and pregelatinized trifoliate 
yams, rice and corn starches in paracetamol tablets, J. Appl. Pharm. Sci. 1 (2011) 200–
206. 
[75] J.T. Ingram, W. Lowenthal, Mechanism of Action of Starch as a Tablet Disintegrant I, J. 
Pharm. Sci. 55 (1966) 614–617. doi:10.1002/jps.2600550617. 
[76] A. Hu, S. Jiao, J. Zheng, L. Li, Y. Fan, L. Chen, Z. Zhang, Ultrasonic frequency effect on 
corn starch and its cavitation, LWT - Food Sci. Technol. 60 (2015) 941–947. 
doi:10.1016/j.lwt.2014.10.048. 
[77] O.A. Odeku, B.L. Akinwande, Effect of the mode of incorporation on the disintegrant 
properties of acid modified water and white yam starches, Saudi Pharm. J. 20 (2012) 171–
175. doi:10.1016/j.jsps.2011.09.001. 
[78] O.A. Odeku, K.M. Picker-Freyer, Freeze-dried pregelatinized Dioscorea starches as tablet 
matrix for sustained release, J. Excipients Food Chem. 1 (2010) 21–32. 
[79] O.A. Odeku, K.M. Picker-Freyer, Characterization of acid modified Dioscorea starches as 
direct compression excipient, Pharm. Dev. Technol. 14 (2009) 259–270. 
doi:10.1080/10837450802572367. 
[80] O. ODEKU, W. SCHMID, K. PICKERFREYER, Material and tablet properties of 
pregelatinized (thermally modified) Dioscorea starches, Eur. J. Pharm. Biopharm. 70 
(2008) 357–371. doi:10.1016/j.ejpb.2008.04.011. 
[81] O.A. Odeku, K.M. Picker-Freyer, Evaluation of the material and tablet formation 
properties of modified forms of Dioscorea starches, Drug Dev. Ind. Pharm. 35 (2009) 
1389–1406. doi:10.3109/03639040902960185. 
[82] C. Alexiou, R.J. Schmid, R. Jurgons, M. Kremer, G. Wanner, C. Bergemann, E. Huenges, 
T. Nawroth, W. Arnold, F.G. Parak, Targeting cancer cells: magnetic nanoparticles as 
drug carriers, Eur. Biophys. J. 35 (2006) 446–450. doi:10.1007/s00249-006-0042-1. 
[83] S. Kockisch, G.D. Rees, J. Tsibouklis, J.D. Smart, Mucoadhesive, triclosan-loaded 
polymer microspheres for application to the oral cavity: preparation and controlled release 
characteristics, Eur. J. Pharm. Biopharm. 59 (2005) 207–216. 
doi:10.1016/j.ejpb.2004.07.007. 
[84] M.Z. Ahmad, S. Akhter, I. Ahmad, A. Singh, M. Anwar, M. Shamim, F.J. Ahmad, In vitro 
and in vivo evaluation of Assam Bora rice starch-based bioadhesive microsphere as a drug 
carrier for colon targeting, Expert Opin. Drug Deliv. 9 (2012) 141–149. 
doi:10.1517/17425247.2012.633507. 
[85] M. Zaki Ahmad, S. Akhter, I. Ahmad, M. Rahman, M. Anwar, G. K. Jain, F. J. Ahmad, R. 
Krishen Khar, Development of Polysaccharide based Colon Targeted Drug Delivery 
System: Design and Evaluation of Assam Bora rice Starch based Matrix Tablet, Curr. 
Drug Deliv. 8 (2011) 575–581. doi:10.2174/156720111796642327. 
[86] B. Ju, D. Yan, S. Zhang, Micelles self-assembled from thermoresponsive 2-hydroxy-3-
butoxypropyl starches for drug delivery, Carbohydr. Polym. 87 (2012) 1404–1409. 
doi:10.1016/j.carbpol.2011.09.028. 
[87] N. Rapoport, Physical stimuli-responsive polymeric micelles for anti-cancer drug delivery, 
Prog. Polym. Sci. 32 (2007) 962–990. doi:10.1016/j.progpolymsci.2007.05.009. 




of starch-poly-ε-caprolactone microparticles incorporating bioactive agents for drug 
delivery and tissue engineering applications, Acta Biomater. 5 (2009) 1035–1045. 
doi:10.1016/j.actbio.2008.11.006. 
[89] C.-S. Liu, K.G.H. Desai, X.-H. Meng, X.-G. Chen, Sweet Potato Starch Microparticles as 
Controlled Drug Release Carriers: Preparation and In Vitro Drug Release, Dry. Technol. 
25 (2007) 689–693. doi:10.1080/07373930701290977. 
[90] A. Szepes, Z. Makai, C. Blümer, K. Mäder, P. Kása, P. Szabó-Révész, Characterization 
and drug delivery behaviour of starch-based hydrogels prepared via isostatic ultrahigh 
pressure, Carbohydr. Polym. 72 (2008) 571–578. doi:10.1016/j.carbpol.2007.09.028. 
[91] P.B. Malafaya, F. Stappers, R.L. Reis, Starch-based microspheres produced by emulsion 
crosslinking with a potential media dependent responsive behavior to be used as drug 
delivery carriers, J. Mater. Sci. Mater. Med. 17 (2006) 371–377. doi:10.1007/s10856-006-
8240-z. 
[92] P. Jaiturong, B. Sirithunyalug, S. Eitsayeam, C. Asawahame, P. Tipduangta, J. 
Sirithunyalug, Preparation of glutinous rice starch/polyvinyl alcohol copolymer 
electrospun fibers for using as a drug delivery carrier, Asian J. Pharm. Sci. 13 (2018) 239–
247. doi:10.1016/j.ajps.2017.08.008. 
[93] A.K. Jain, R.K. Khar, F.J. Ahmed, P. V. Diwan, Effective insulin delivery using starch 
nanoparticles as a potential trans-nasal mucoadhesive carrier, Eur. J. Pharm. Biopharm. 69 
(2008) 426–435. doi:10.1016/j.ejpb.2007.12.001. 
[94] Z. Assefa, S. Admassu, Development and Characterization of Antimicrobial Packaging 
Films, (2013). doi:10.4172/2157. 
[95] Z. Ziaee, L. Qian, Y. Guan, P. Fatehi, H. Xiao, Antimicrobial/Antimold Polymer-Grafted 
Starches for Recycled Cellulose Fibers, J. Biomater. Sci. Polym. Ed. 21 (2010) 1359–
1370. doi:10.1163/092050609X12517190417795. 
[96] Y. Guan, L. Qian, H. Xiao, A. Zheng, Preparation of novel antimicrobial-modified starch 
and its adsorption on cellulose fibers: Part I. Optimization of synthetic conditions and 
antimicrobial activities, Cellulose. 15 (2008) 609–618. doi:10.1007/s10570-008-9208-6. 
[97] L.Y. Qian, Y. Guan, H.N. Xiao, Preparation of Guanidine Derivative Polymers as Novel 
Functional Additives for Value-Added Hygiene Paper, Adv. Mater. Res. 236–238 (2011) 
2993–2996. doi:10.4028/www.scientific.net/AMR.236-238.2993. 
[98] K. Liu, X. Lin, L. Chen, L. Huang, Preparation of guanidine-modified starch for 
antimicrobial paper, J. Bioresour. Bioprod. 1 (2016) 3–6. doi:10.21967/JBB.V1I1.39. 
[99] F.M. Pelissari, M.V.E. Grossmann, F. Yamashita, E. Alfonso, G. Pineda, Antimicrobial, 
Mechanical, and Barrier Properties of Cassava Starch-Chitosan Films Incorporated with 
Oregano Essential Oil, J. Agric. Food Chem. 57 (2009) 7499. doi:10.1021/jf9002363. 
[100] X.L. Shen, J.M. Wu, Y. Chen, G. Zhao, Antimicrobial and physical properties of sweet 
potato starch films incorporated with potassium sorbate or chitosan, Food Hydrocoll. 24 
(2010) 285–290. doi:10.1016/j.foodhyd.2009.10.003. 
[101] M.B. Vásconez, S.K. Flores, C.A. Campos, J. Alvarado, L.N. Gerschenson, Antimicrobial 
activity and physical properties of chitosan–tapioca starch based edible films and coatings, 
Food Res. Int. 42 (2009) 762–769. doi:10.1016/J.FOODRES.2009.02.026. 
[102] E. Salleh, I.I. Muhamad, M. Rusop, R.Y. Subban, N. Kamarulzaman, W.T. Wui, Starch-
based Antimicrobial Films Incorporated with Lauric Acid and Chitosan, in: Int. Conf. 
Adv. Mater. Nanotechnol. (ICAMN-2007).  AIP Conf. Proceedings, Vol. 1217. AIP Conf. 




[103] G. Chen, P. Zhu, Y. Kuang, Y. Liu, D. Lin, C. Peng, Durable superhydrophobic paper 
enabled by surface sizing of starch-based composite films, Appl. Surf. Sci. 409 (2017) 45–
51. 
[104] K. Cyprych, L. Sznitko, J. Mysliwiec, Starch: Application of biopolymer in random 
lasing, Org. Electron. Physics, Mater. Appl. 15 (2014) 2218–2222. 
doi:10.1016/j.orgel.2014.06.027. 
[105] B. Sun, G. Xie, Y. Jiang, X. Li, Comparative CO2-Sensing Characteristic Studies of PEI 




















 Starch has desirable functional properties that can be modified and geared towards 
advanced applications.  
 Utilization of starch in advanced materials application is desirable due to its low cost, 
biodegradability, biocompatibility ease of modification. 
 Starch has tremendous applications in the medical field due to its biocompatibility. 
 Starch is a readily available material which has numerous applications up on 
modifications. 
 
 
